We performed experimental and theoretical investigations on the transverse-mode emission behavior of a broad-area oxideconfined vertical-cavity surface-emitting laser (VCSEL). The far-field emission pattern with y-junction structures is observed in the VCSEL with a 20-mm-diameter aperture when the injection current is significantly above the thermal roll-over point. In order to provide a quantitative understanding of these emission characteristics, we present a numerical simulation to model and fit the experimental results. The numerical simulation adopts the high-order Laguerre-Gaussian mode due to the assumptions of a parabolic refractive-index profile and ring-shaped carrier distribution in the laser. From the numerical simulation results, the formation of y-junction structures is inferred to be caused by the superposition of two high-order Laguerre-Gaussian modes. The results of this numerical simulation are in good agreement with the experimental findings.
Using selective wet oxidation as a means of current constriction and optical confinement has dramatically enhanced the performance of vertical-cavity surface-emitting lasers (VCSELs). As a result record low-threshold currents and high efficiencies have been achieved. In addition to the benefits, the fully three-dimensional extension of the VCSEL cavity together with the transverse device structure introduced by the oxide layer results in numerous new effects which make these VCSELs challenging systems for fundamental physics investigations. One of these aspects is the formation of transverse modes in oxide-confined VCSELs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] From an applications point of view, this phenomenon gives rise to undesirable effects, such as broadening of the optical spectrum and degradation of the free-space performance due to excessive beam divergence. Therefore, control of the behaviors of transverse modes is a desirable goal, particularly in the numerous applications of broad-area VCSELs such as high-power VCSELs and the application of VCSELs in multimode-fiber data links, as well as for studies of micro cavities, pattern formation in optical systems, 1, 9) and dynamics of laser arrays. In previous studies, the y-junction structured pattern can be observed in the interferogram of optical vortices. 11, 12) The interference fringe with the y-junction structured pattern is called the ''edge phase dislocation '' 11) or ''fork'', 12) which is a result of the -shift in the wave phase located along a line in the transverse plane. In our study, we observe the formation of the y-junction structures in very-high-order transverse modes of a broad-area (20 mm in diameter) oxideconfined VCSEL in far-field emission when the injection current is near the thermal turn-off point. For a quantitative interpretation of these characteristics, we adopt the Laguerre-Gaussian (LG p;l ) mode to model and fit the experimental results, where p and l are the radial and azimuthal indices of the LG mode. The numerical simulation results indicate that the formation of y-junction structures is due to the superposition of the high-order LG modes. Fig. 1 , and shows the typical thermal roll-over behavior. Its threshold current is $2:7 mA and its maximum power is $6:4 mW. To study the characteristics of its spatial distribution, we couple the near-field images onto the beam profiler using a collimating objective lens. As for far-field images, we project the far-field pattern on a screen and then record it with a CCD camera. The measured near-and far-field images of the 20-mmdiameter oxide-confined VCSEL are shown in Figs. 2 and 3. The noncircularly symmetric transverse modes can be observed in the near-field images. The oxidized aperture of our device is not in a circular geometry because of the anisotropic oxidation speed. 7) At 22.3 mA, which corresponds to a negative slope of the L-I curve, the highintensity distribution can only be observed around the periphery of the oxide aperture due to a strong optical confinement provided by oxidized layers. Therefore, the detailed transverse mode structures cannot be resolved in Fig. 2(a) . At an even higher injection current of 23.3 mA, the lasing near-field pattern becomes that of a pure single highorder LG mode and exhibits 18 spots, as shown in Fig. 2(b) . A pure high-order LG mode has been reported in electrically pumped 3, 4) and optically pumped 13) VCSELs. The previous studies suggest that the high-order LG mode is produced by the carrier distribution with a ring-shaped area at the borders of the lasers and a broad minimum in the center. In the farfield image shown in Fig. 3(a) , the transverse mode with yjunction structures is found at an injection current of 22.3 mA, which is higher than the thermal roll-over point. When the injection current is 23.3 mA, the far-field image turns into that of a 9th-order LG mode, as shown in Fig. 3(b) , which is consistent with the near-field image of Fig. 2(b) . In particular, the far-field density distributions present a rotation symmetry of .
We present a numerical simulation for the formation of yjunction structures in a broad-area oxide-confined VCSEL, using the high-order LG mode. The guiding of the mode in oxide-confined VCSELs is generally due to a combination of index guiding, thermal index guiding, and carrier-induced index anti guiding. Therefore we assume that the refractiveindex profile in the oxide-confined VCSEL is parabolic and that the carriers are distributed in a ring shape at the border of the laser. Based on these assumptions, the preferred laser modes in this case are the LG p;l modes. Each degenerate pair (l) of LG modes gives rise to a pair of daisy modes with 2l lobes. The normalized intensity distribution of the LG mode is 
where wðzÞ is the Gaussian beam waist parameter, w 0 is the beam waist at z ¼ 0, and r and are the radial and azimuthal coordinates respectively. From the experimental observations, we adopt the LG 0;l modes with l ¼ 9 and l ¼ 13 to fit the experimental results. Considering the strong optical confinement provided by the oxidized layer, we also assume that the beam waists of the LG 0;9 and LG 0;13 modes are similar in the near field. The numerical results of near-field intensity distribution are shown in Fig. 4 , which shows the superposition of two high-order LG modes (LG 0;9 and LG 0;13 modes) in Fig. 4(a) , and the single high-order mode (LG 0;9 mode) in Fig. 4(b) . The result in Fig. 4(b) implies that the LG 0;13 mode is suppressed due to thermal detuning between the cavity resonance and the quantum well (QW) spectral gain maximum. 6) The corresponding far-field images are presented in Fig. 5 . Figure 5(a) shows the calculated result of the intensity distribution of the superposition of 9th-order and 13th-order LG modes, and Fig. 5(b) shows the intensity distribution of a 9th-order LG mode. In the far field, the beam waist wðzÞ increases with distance z, then the superposition of two high-order LG modes becomes a different pattern compared to the near-field pattern, as can be seen in Fig. 5(a) . This numerical simulation result demonstrates that the formation of y-junction structures is induced by the superposition of two high-order LG modes with similar divergent angles. In previous studies, high-order LG modes usually show up in broad-area VCSELs at high injection currents. 5) Moreover, the tendency to emit multiple high-order modes in broad-area VCSELs appears to be stronger than in the smallarea ones because the inhomogeneous carrier distribution and thermal gradient become more pronounced at the perimeter of larger devices. 5, 6, 10) Based on the previous studies and our experimental observations shown in Figs.  2(b) and 3(b) , we adopt the high-order LG mode in our simulations under the assumptions of a parabolic refractiveindex profile and a ring-shaped carrier distribution.
The ideal VCSEL structure (plano-planar resonator configuration and flat gain; refractive index distribution in the active zone surrounded by an index step due to the oxide aperture) should support linearly polarized modes (LP modes) that are analogous to the ones known from stepindex fibers. However, the radial variation of the carrier distribution and the creation of an inhomogeneous temperature profile by ohmic heating will result in some selffocusing in the laser via the dependence of the refractive index on carrier density and temperature. This self-focusing effect can be approximated by a parabolic refractive-index profile. Additionally, strong carrier confinement provided by the oxidized layers, current spreading, and thermal gradient are the dominant factors governing the carrier distribution in the active region of the oxide-confined VCSELs. The combination of these effects causes the carriers to be distributed within a ring-shaped area in the perimeter of the active region. Therefore, a parabolic refractive-index profile and a ring-shaped carrier distribution are reasonable assumptions, and the Laguerre-Gaussian mode is an appropriate eigen function to explain the experimental observations.
According to the experimental and simulation results, the transverse modes with y-junction structures can be observed in far-field images at 22.3 mA, which is higher than the thermal roll-over point, and they are formed by two superposed high-order LG modes, LG 0;9 and LG 0;13 , emitting with similar divergent angles. These multiple high-order modes are confined within the oxide aperture due to the strong optical confinement, so that the details of the transverse modes and the y-junction structured pattern cannot be observed in near-field images. At an even higher injection current of 23.3 mA, only LG 0;9 can be seen because LG 0;13 is suppressed. The large divergence of LG 0;13 in the far-field image corresponds to a larger transverse component of the k vector compared to LG 0;9 . The preference for LG 0;9 is basically determined by the thermal detuning between the cavity resonance and the QW spectral gain maximum. The high-order modes with longer wavelength (LG 0;9 ) more efficiency exploit the optical gain, and high-order modes with shorter wavelength (LG 0;13 ) are suppressed at high injection currents. The thermal shift of the emission wavelength at a high injection current is determined by the thermal expansion of the cavity and the thermal increase of the optical index. From the simulation results, we also conclude that the laser supports extremely high-order modes of LG 0;9 and LG 0;13 . The emission of such high-order modes, even in an electrically pumped VCSEL, can only be possible if the processed wafer is extraordinarily homogeneous. We presented the results of experimental and numerical investigations of the emission behavior of the 20-mmdiameter oxide-confined VCSEL when the operation current was well above the thermal roll-over point. The near-field images showed that the strong optical confinement introduced by the oxidized layers causes the high-order modes to crowd around the periphery of the oxide aperture so that the y-junction structured pattern cannot be observed. The transverse mode with y-junction structures could only be observed in far-field images. For the numerical simulation, we assumed a parabolic refractive-index profile and ringshaped carrier distribution in the laser. Therefore, we adopted the high-order LG modes to model and fit the experimental observations. The formation of the transverse mode with y-junction structures is the result of the superposition of LG 0;9 and LG 0;13 modes, according to the numerical calculation. We concluded, on the basis of the numerical simulation results, that the inhomogeneous carrier distribution and temperature profile are particularly attractive for building cavities that preferentially operate with multiple high-order modes, leading to the formation of yjunction structures. The results of our simulations provide a theoretical explanation of the experimental behavior.
